absTRacT Both uranous and uranyl minerals are present in the Centennial unconformity-type U deposit situated in the SW Athabasca Basin, Canada. At least two generations of uraninite are present (disseminated and massive), often strongly altered to coffinite, followed by minor fibrous coffinite forming in veins. Uranyl minerals, mostly uranophane with minor haiweeite precipitating in veins and in hand sample-scaled breccias, are present in significant amounts (ca. 5% of the ore) not observed elsewhere in the Athabasca Basin. The multi-stage evolution of the Centennial deposit is explained by the existence of high permeability conduits, promoting the recurrent circulation of P-rich fluids that remobilized U locally. Stable isotopes composition of uranophane (dD of ca. -130 ‰ and d
iNTRODucTiON
The Paleoproterozoic Athabasca Basin, situated in northern Saskatchewan, Canada (Fig. 1A) , is the host of several unconformity-related uranium deposits, some of which (McArthur River, Cigar Lake) represent a very significant source of uranium production today. The majority of the deposits are formed at or immediately below the unconformity that separates the clastic sediments of the Athabasca Basin from its metamorphic and igneous basement. They are situated predominantly on the eastern margin of the basin, with a few in the west, at the Carswell impact structure.
The only initial ore mineral in all Athabasca Basin deposits is uraninite, generally significantly altered and recrystallized by subsequent fluid circulation events to secondary uraninite, coffinite, becquerelite, and other uranium species. Minimal amounts of oxidized uranium minerals have been mentioned in the specialized literature, but never in any significant amount. This is in strong contrast with the Centennial deposit, a recent discovery by Cameco Corporation situated on the southwestern margin of the basin (Fig. 1A) , where, in addition to uraninite, a large amount of oxidized uranium species is observed. The presence of large amounts of secondary oxidized uranium minerals is certainly unusual for the Athabasca Basin deposits and, given the depth at which these minerals are observed (ca. 800 m below the present day surface), clearly represents an anomaly. The purpose of the present paper is to describe and characterize the ore mineralogy of the Centennial deposit using petrological and geochemical methods, suggest an explanation for the unusually high amount of oxidized uranium minerals there, and consider their significance for the metallogeny of this type of deposits.
GEOlOGical cONTEXT
The Centennial deposit is situated ca. 150 km due west of the major McArthur River deposit and ca. 120 km of the Key Lake mine and mill site (107.593°W, 57.591°N).
The Archean and Paleoproterozoic sub-Athabasca basement at Centennial belongs to the Virgin River Shear Zone, which separates the Lloyd domain of the Rae Province to the west from the Virgin River domain of the Hearne Province to the east (Fig. 1A) . The shear zone is ca. 5 km wide and comprises highly mylonized rocks in addition to deformed and metamorphosed graphite and muscovite pelites and psamopelites with subordinate psammites, quartzite, mafic volcanics, amphibolites, and Hudsonian-aged granitoids, collectively termed the Virgin Schist group (VSG) (Johnson 1968 , Chandler 1978 , Card 2009 ). The major deformation affecting the VSG is S1 foliation parallel to that observed in the adjacent Lloyd and Virgin River domains, as well as a northeast trending D3 and a northwest trending D4, common to all these units (Card Kyser et al. 2000) . Basin fill, up to 2 km thick, consists of thick clastic sequences of Paleoproterozoic age resulting from the rapid exhumation of the Trans-Hudson Orogenic Belt (Ramaekers 1990) . At Centennial, the Athabasca Group is 800 to 900 m thick and consists only of the Read Formation and the Manitou Falls Formation (MF). The Read Formation is represented by interbedded matrix-supported quartz pebble conglomerate and poorly sorted medium grained sandstone. The MFb member, only rarely present in the area, is a poorly sorted and clast-supported conglomeratic sandstone. The MFw member is dominated by medium-grained quartz sandstone with lower amounts of conglomeratic layers than in the MFb member. The MFc member is a relatively clean, medium to coarsegrained sandstone with narrow (<2 cm) granule and pebble beds. The MFd member is also a relatively clean, medium to coarse-grained sandstone, but contains a significant amount of clay interclasts.
The Athabasca Group sedimentary rocks and the basement complex are intruded by a series of northwestly trending mafic dikes known as the Mackenzie dike swarms (Cumming & Kristic 1992; Fig. 1A) . The dike trend corresponds to tensional directions associated with left-lateral movement along the ancient Hudsonian faults (Hoeve & Sibbald 1978 , Sibbald & Quirt 1987 . These intrusives range in size from one meter to several hundred meters wide and have a U-Pb age of 1267 ± 2 Ma (Le Cheminant & Heaman 1989) . At Centennial, several dikes and sills of diabase are observed (Fig. 1C) and are probably related to the same magmatic event.
The major structural feature at Centennial is the major NE-SW oriented dextral oblique and NW-plunging Dufferin Lake thrust fault, which extends to more than 50 km from north to south and affects all lithologies present (Fig. 1B) , with a significant (ca. 250 m) post-Athabasca displacement (Reid et al. 2010) thrusting the western side up. This structure represents a major fluid flow conduit that may have been active during deposit formation (Jiricka 2010) .
The sub-Athabasca basement and the Athabasca Group sediments were affected by several episodes of diagenetic and hydrothermal alteration (detailed paragenesis in Alexandre et al. 2012) . Early diagenesis during initial burial is characterized by hematite staining (indicative of oxidizing fluids) preceding quartz overgrowths and the precipitation of fine-grained kaolinite and minor spherulitic dravite, followed by desilicification and minor coarse-grained kaolinite.
Illite and chlorite, as well as minor pyrite and rutile, form near the Centennial orebody. The diabase dikes are strongly altered (illite and chlorite), as well, with locally total loss of primary minerals. Initial mineralization at Centennial, dated at ca. 1.6 Ga (Alexandre et al. 2012) , consists of uraninite grains not exceeding 0.5 mm across disseminated in the Athabasca Group sandstones. The main ore stage, possibly formed shortly after the disseminated ore (Alexandre et al. 2012) , consists of massive uraninite and hematite (Fig. 2) and is situated at the basal unconformity. Large amounts of secondary uranyl minerals are present, locally forming up to 30% of the ore (Fig. 2) . Uranyl minerals have rarely been observed elsewhere in the Athabasca Basin (e.g., Thomas et al. 1998 , Jefferson et al. 2007 .
aNalYTical mEThODs
Thin sections were prepared from high-grade ore samples from the Centennial ore zone intersected by drill hole fence VR31, consisting of a pilot hole and five wedged holes (Fig. 1C) . Pure ore minerals were manually separated under binoculars from the same samples, for stable isotope analyses and X-ray diffraction analyses. The thin sections were observed under transmitted and reflected light optical microscopes and using a scanning electron microscope (SEM) at Queen's University and the University of Manitoba, Canada.
X-ray diffraction (XRD) analyses were performed on powdered separates using a Panalytical X'pert Pro MPD system at Queen's University, Canada, equipped with an X'celerator (high-speed) detector, copper target, 0.02° Söller slits on both incident and diffracted beams, a divergence slit of 0.5°, and an anti-scatter slit of 1°. The analytical conditions were: step of 0.1° and counting time of 10 s. In all cases, the scan was performed between 5 and 70° 2Q, the accelerating voltage was 40 kV, and the current was 45 mA.
Chemical compositions of the uranium ore minerals were obtained by electron-microprobe analyses (EMPA) at the University of Manitoba, Canada, using a Cameca SX100 electron microprobe operating in wavelengthdispersion mode with an accelerating voltage of 15 kV, a specimen current of 20 nA, a beam size of 2 mm and counting times on peak and background of 20-50 and 10 s, respectively. The following standards were used for K, L, or M X-ray lines: diopside (Si, Ca); UO 2 (U); fayalite (Fe); titanite (Ti); chromite (Cr); PbTe (Pb); ThO 2 (Th); VP 2 O 7 (V); apatite (P); barite (Ba); cuprite (Cu); orthoclase (Al, K); TbPO 4 (Tb); YAG (Y). Data were reduced using the X-PHI procedure (Merlet 1992) .
For oxygen isotopes analyses, approximately 5 mg of powdered mineral separate sample were dissolved in BrF 5 at 650 °C overnight. The extracted oxygen was converted to CO 2 in contact with a heated graphite rod and the CO 2 was then analyzed off-line using a Finnigan MAT 252 isotope ratio mass spectrometer (IRMS) at Queen's University, Canada. For hydrogen isotope anal-yses, encapsulated powdered sample was introduced in an automated thermal combustion-element analyzer device where hydrogen was separated and then analyzed online using a Delta plus XP IRMS at Queen's University, Canada. The results are given in the customary d (dD and d 18 O) notation, relative to Vienna standard mean ocean water (V-SMOW).
uRaNium miNERals PREsENT
Macroscopic observation of drill-hole samples reveals the presence of two types of U ore minerals in the main ore zone of fence VR31 at the Centennial deposit: massive uraninite, accompanied by hematite, and bright yellow secondary U minerals, their color varying between pale yellow and orange with, in some cases, greenish hues (Fig. 2) . The secondary U minerals most commonly fill millimetric fractures or, more rarely, form the matrix of hand-sample-sized hydraulic breccia (Fig. 2) .
Microscopic observation using optical microscope and SEM reveals the presence of two distinct types of massive uraninite. The volumetrically predominant uraninite is strongly altered, with a mottled appearance, porosity and cracks, and variation in reflectance, locally strong ( Fig. 3A-D) . A second generation of uraninite forms an overgrowth over the massive uraninite and is characterized by the absence of any visible alteration and by a colloform texture (Fig. 3B ). This late uraninite rarely exceeds 0.5 mm in thickness and individual grains are typically 100 to 200 mm across (Fig. 3B) .
The main secondary U mineral present at Centennial, identified by SEM, is uranophane, crystallizing in fine fractures (between 1 and 200 mm in width) and in some cases forming limited stockworks (Fig. 3E) . In larger fractures, uranophane forms well-defined needle-shaped crystals, typical of this mineral (Fig. 3F) , suggesting that it was formed from a fluid rather than as an in situ product of alteration of uraninite. X-ray diffraction analyses of hand-picked and powdered yellow U mineral confirm that it is uranophane with traces of calcite (Fig. 4) . A minor amount of fibrous coffinite was detected by SEM (Fig. 3G) . It seems to have formed at the same time or shortly before uranophane.
Apart from the U minerals described above, euhedral goyazite (Al-Sr phosphate) was also observed within a groundmass of uranophane (Fig. 3H) 
cOmPOsiTiON OF ThE uRaNium miNERals
The two generations of uraninite, massive altered and late colloform, have distinct chemical compositions, with differences in most elements analyzed (Table 1) . Both display very high Ca contents (4.55 and 4.98 wt.% CaO, respectively). Previously reported calcium contents in magmatic uraninite are rather low, up to 0.5 wt.% CaO (Förster 1999) , however, in some examples of low-temperature uraninite Ca content is up to 2.28 wt.% CaO (Janeczek & Ewing 1992) or up to 9.55 wt.% CaO (Kempe 2003) . Microprobe analyses of uraninite grains from the Centennial deposit show that Ca concentrations are very homogeneous within grains and thus not attributable to inclusions of calcite or apatite. Rather, the incorporation of Ca in the uraninite structure compensates for the charge difference due to the presence of U 6+ (Janeczek & Ewing 1992) . The low totals observed (ca. 98 wt.%, Table 1) can be explained by the presence of limited amount of water and the presence of U 6+ and U 5+ .
Other elements typical of uraninite, such as Si, Fe, Ti, V, P, and Y, are present in amounts of less than 1 wt.% (Table 1) . The Pb and U contents of two generations of uraninite are significantly different, with 4.96 and 0.16 wt.% PbO, and 79.24 and 85.06 wt.% UO 2 , respectively, indicating that the two minerals formed at different times. A very limited amount of relatively fresh massive uraninite was also observed, with all elements other than U accounting for less than 4 wt.%. When plotted on a CaO-SiO 2 -UO 2 diagram (Fig. 5) , this relatively fresh uraninite plots near the U end-member as expected, whereas the compositions of altered massive uraninite and late colloform uraninite overlap each other and plot in the direction of high Ca contents (Fig. 5) . The late colloform uraninite thus formed from elements mobilized from the massive uraninite; in other words, all elements for the formation of the late colloform uraninite were locally derived.
Coffinite (Table 1) . Plotted on a CaO-SiO 2 -UO 2 diagram, coffinite and uranophane from Centennial form two distinct populations falling in the respective fields of concentrations reported in the literature (Fig. 5) ; they have the same Si:U ratio of nearly 1 and 0.95, respectively, very close to the theoretical ratio of 1 (Stohl & Smith 1981 (Table 2 ). In a plot of dD versus d 18 O, the O composition of uranophane is very similar to that of fluids in equilibrium with alteration clay minerals from this area, but the H composition is much lower (Fig. 6) . The fractionation factor between uranophane and aqueous fluid is not known, so it is difficult to know or speculate about the isotopic composition of the fluids in equilibrium with uranophane from the Centennial deposit; therefore only the mineral values will be discussed here.
DiscussiON

The formation of uranous phases
The two uranous phases present at Centennial, uraninite and coffinite, contain relatively high amounts of P (Table 1 ), suggesting that they precipitated from a fluid in which U was transported mainly as a phosphate complex, but possibly as C, F, and Cl complexes as well. The amount of Pb and the spatial association of main-stage massive uraninite with the diabase dikes suggest that this uraninite formed some time after the initial disseminated uraninite, which formed at ca. 1600 Ma (Alexandre et al. 2009 ). It can be argued that the massive uraninite formed as a local re-mobilization and re-concentration of the initial disseminated uraninite, without the introduction of U from outside of the ore zone. The late colloform uraninite may have formed by an analogous process, as it has a comparably high amount of P (Table 1) . It has more U and less Pb than the main-stage massive uraninite, indicating that it formed * Th, Cr, S, Cu, and Tb (as proxy for REE) were also analyzed, but were always below detection limit. Energy dispersive spectroscopy (EDS) analyses did not reveal the presence of any other element.
** Chemical formulae for the minerals analyzed were calculated on the anion basis, with O = 3 and (H Fayek et al. 2002) . On the basis of petrographic observations (Alexandre et al. 2012), coffinite formed shortly before the late vein uranophane and, in some cases, possibly at the same time. Its low Pb concentration, comparable to that of uranophane ( Table 1 ) also indicates that coffinite formed relatively recently, its amount of Pb being mainly function of time. Considering that coffinite forms in reducing conditions and uranophane in oxidizing conditions, the shift in fO 2 of the mineralizing fluid is given by the formation of these two minerals. Uranophane formed at ca. 2 Ma (Alexandre et al. 2012) , indicating that reducing fluids were predominant at Centennial until that time, underlining that the deposit was isolated from the surficial oxidizing fluids for most of its history.
The formation of uranyl phases
Uranophane, a U 6+ silicate, is one of the most common uranyl minerals (Stohl & Smith 1981 , Viswanathan & Harnet 1986 ; it forms at Eh >0.2 and at a pH above 7 (Langmuir 1978) . It is commonly observed as the alteration product of primary uranous minerals (predominantly uraninite and coffinite; Read et al. 2008 , El-Naby 2009 ), but has also been described as newly formed mineral (Brookins 1981) .
The predominant U species observed and described in other unconformity-type deposits in the Athabasca Basin are invariably uraninite and coffinite, the latter in every case an alteration product of the former. Secondary uraninite, as an alteration of primary uraninite or as a newly formed mineral, is also common (McGill et al. 1993 , Thomas et al. 1998 , Jefferson et al. 2007 . Uranyl species have been very rarely described in the Athabasca Basin, and only as an alteration product of uraninite (e.g., . This preponderance of uranous species is explained by the reducing conditions typically prevalent at the deposition sites (e.g., Langmuir 1978 , Parks & Pohl 1988 , which underlines the uniqueness of the U mineralogy observed at the Centennial deposit, where both uranous (uraninite and coffinite) and uranyl (uranophane and haiweeite) species are present. The presence of newly formed uranyl species at Centennial indicates that oxidizing conditions were prevailing at the corresponding time; it is important to understand what factors contributed to the establishment of these conditions. Uranophane and haiweeite formed last; they occur late in the paragenetic sequence established for Centennial and crosscut all other minerals present (Fig. 3) . Their low age is reflected by the low amount of Pb in their structure (near or below detection limit; Table 1 ), suggesting that very little time elapsed since their formation, probably only a few million years (Alexandre et al. 2012) . The dD values of -135 to -125 ‰ for uranophane samples ( Table 2 ) correspond to that of modern meteoric water for northern Saskatchewan (Canadian Network for Isotopes in Precipitation), suggesting that recent meteoric waters mobilized U from pre-existing U phases and participated in the formation of uranophane (comparing mineral data, as for uranophane, with fluid data can be challenging because of the mineral-water fractionation, but, in the absence of fractionation data, it can be done as an approximation and recognizing its limitations.) On the other hand, the oxygen isotopic composition of uranophane is much higher (ca. 3 to 9 ‰; Table 2) than that of present-day northern Saskatchewan precipitations Fig. 6 ). This can be explained by the preferential equilibration of oxygen isotopes in meteoric water with the host rock and the clay alteration phases associated with the deposit, which have the same range of d 18 O values (Fig. 6) . On the basis of the values obtained and disregarding fluid-mineral isotopic fractionation, it is possible to suggest that the meteoric water is fully equilibrated with the deposit host-rock with regards to O, but much less for H (Fig. 6) , which can be explained by the relative amounts of H and O in water and in the predominant host-rocks at Centennial.
An important factor to consider is the depth at which the uranyl phases are found, which is typically around 800 m below the present-day surface. The fact that oxidizing fluids of probably supergene origin are found at this depth can be explained by their large amount and the permeability of the conduits used by them. The most obvious choice for a fluid circulation FiG. 4. X-ray diffraction spectra of hand-picked U minerals from Centennial. The main U mineral as seen in hand sample is uraninite (top spectrum), whereas the only U 6+ mineral detected is uranophane (bottom four spectra); minor calcite is also present with uranophane.
conduit is the major Dufferin Lake fault (Fig. 1B) and the high-permeability zone that is formed by its repeated reactivation, combined with the high-permeability Read Formation at the basis of the Athabasca Group (Jiricka 2010) . The oxidizing fluids probably mobilized U from the pre-existing uranous phases and transported it by phosphate complexes, suggested by the relatively high P contents in uranophane and haiweeite (Table 1 ). The precipitation of uranophane was probably provoked by an increase of pH, as it is typically stable at pH above 6 (Langmuir 1978) .
summaRY
The great rarity of uranyl minerals in the unconformity-related U deposits in the Athabasca Basin is explained by the prevailing and lasting reducing conditions there. The presence of oxidizing fluids is usually seen as a challenge to the preservation of the initial uranous ore, which underlines the particularity of the Centennial deposit. Here, the presence of a large concentration of U is the result of a particular sequence of events, the most important being the repeated remobilization of U from pre-existing uranous phases by P-rich fluids and its reprecipitation locally as either uranous or uranyl phases. The most important factor for this successive reconcentration of U was the existence of high-permeability conduits in the area, combined with the presence of P, probably derived from the alteration of P-rich detrital phases such as apatite. Highpermeability zones are observed in most deposits in the Athabasca Basin and are indeed one of the prerequisites for the formation of an unconformity-related U deposit. However, it would seem that at Centennial the presence of the Dufferin Lake fault created a high-permeability conduit, which allowed for meteoric fluids to penetrate to more than 800 m in depth and form a relatively large amount of uranyl phases. 
